Work Package Four (WP04), which i n c l u d e s t h e NASA Lewis Research Center and i t s c o n t r a c t o r Rocketdyne, has s e l e c t e d an approach f o r t h e Space Stat i o n Freedom (SSF) P h o t o v o l t a i c ( P V ) Power Module f l i g h t c e r t i f i c a t i o n t h a t combines system-level q u a l i f i c a t i o n and acceptance t e s t i n g i n t h e t h e rmal vacuum environment: t h e " p r o t o f l i g h t -v e h i c l e ' ' approach. T h i s approach maximizes on-the-ground v e r i f i c a t i o n t o assure system-level performance CQ and t o m i n i m i z e r i s k of o n -o r b i t f a i l u r e s . I (U 00 d W T h i s paper addresses t h e p r e l i m i n a r y p l a n s f o r system-level thermal vacuum e n v i r o n m e n t a l t e s t i n g of t h e p r o t o f l i g h t PV Power Module i n t h e NASA Lewis Space Power F a c i l i t y (SPF). D e t a i l s o f t h e f a c i l i t y m o d i f i c a t i o n s t o r e f u r b i s h SPF, a f t e r 13 y e a r s of downtime, a r e b r i e f l y d i s c u s s e d . The r e s u l t s of an e v a l u a t i o n of t h e e f f e c t i v e n e s s o f sy s tem-1 eve 1 env i ronmen t a 1 t e s t i ng i n screen i ng o u t i n c i p i e n t p a r t and workmanship d e f e c t s and u n i q u e f a i l u r e modes a r e d i s c u s s e d . P r e l i m i n a r y t e s t o b j e c t i v e s , hardware c o n f i g u r a t i o n , s u p p o r t equipment, and o p e r a t i o n s a r e p r e s e n t e d .
I. INTRODUCTION
The PV Power Module can be viewed as a space v e h i c l e t h a t w i l l p r o v i d e t h e i n i t i a l power capab i l i t y d u r i n g t h e b a s e l i n e Space S t a t i o n Freedom (SSF) assembly and as an i n t e g r a l p a r t o f t h e s t a - The WP04's EPS Program r e p r e s e n t s a g r e a t c h a ll e n g e , c o n s i d e r i n g t h e PV Power Module c o m p l e x i t y and t h e SSFP d r i v i n g r e q u i r e m e n t s . The PV Power Module w i l l be t h e l a r g e s t o n -o r b i t p h o t o v o l t a i c power g e n e r a t i o n a p p l i c a t i o n i n space to-date. Each PV Power Module u t i l i z e s two 37.5 kWe ( n e t average) s o l a r a r r a y wings w i t h dual f l e x i b l e , d e p l o y a b l e b l a n k e t s , m u l t i p l e I n d i v i d u a l Pressure Vessel ( I P V ) Ni/H2 b a t t e r y c e l l s c o n t a i n e d i n t h e energy s t o r a g e assembly, and an a c t i v e two-phase ammonia thermal c o n t r o l assembly w i t h e r e c t a b l e h e a t -p i p e r a d i a t o r for thermal r e j e c t i o n o f approxi m a t e l y 5.7 kWe. Each s o l a r a r r a y assembly i s popu l a t e d w i t h a p p r o x i m a t e l y 32,800 p l a n a r s i l i c o n s o l a r c e l l s o p e r a t i n g a t 160 Vdc. Each energy s t o r a g e assembly c o n t a i n s 450 IPV Ni/H2 c e l l s t h a t m o d u l e -l e v e l a n a l y s e s performed p r e v i o u s l y . A s shown i n t h e f i g u r e , t h e i n t e g r a t e d PV Module t e s t i n SPF i s performed i n p a r a l l e l w i t h l o w e r -l e v e l hardware q u a l i f i c a t i o n and acceptance t e s t i n g .
The p r o t o f l i g h t approach t o t h e PV Module
t h e r m a l vacuum t e s t was i n i t i a l l y proposed b y t h e WP04 c o n t a c t o r as p a r t o f t h e Phase C/D, SSFP F a b r i c a t i o n Phase. T h i s approach, which meets t h e r e q u i r e m e n t s of MIL-STD-15406, u t i l i z e s f l i g h t hardware which has a l r e a d y undergone e x t e n s i v e component and subsystem acceptance t e s t i n g . I t i s g e n e r a l l y d e s c r i b e d as "a t e s t conducted on f l i g h t hardware a t acceptance t e s t l e v e l s f o r q u a l i f i c a t i o n d u r a t i o n s " [51. T e s t i n g i s t a i The p r o t o f l i g h t v e h i c l e approach w i l l p r e c i p it a t e i n f a n t m o r t a l i t y f a i l u r e s caused by system i n t e r a c t i o n s , t h e r e b y i n c r e a s i n g o v e r a l l system r e l i a b i l i t y . The SPF t e s t w i l l demonstrate t h a t t h e d e s i g n and m a n u f a c t u r e o f t h e m e c h a n i c a l , e l e ct r i c a l , and t h e r m a l subsystems a r e adequate t o s u r v i v e environments s l i g h t l y more severe t h a n those a n t i c i p a t e d d u r i n g l i f e w i t h o u t d e g r a d a t i o n . 
. R e l i a b i l i t y Concepts
The r a t e o f f a i l u r e f o r components and subsystems i s commonly c h a r a c t e r i z e d b y t h e r e l i a b i l i t y " b a t h t u b c u r v e " , which d i v i d e s f a i l u r e s i n t o t h r e e c a t e g o r i e s or r e g i o n s : i n i t i a l f a i l u r e o r i n f a n t m o r t a l i t y , random f a i l u r e s , and wearout r e g i o n 
Types of Failures
System-level thermal vacuum testing is considered to be highly perceptive in revealing infant mortality workmanship, design, and hardware flaws which respond uniquely to the thermal vacuum environment, or which escaped detection during lowerlevel testing. Electricallelectronic equipment and high-voltage subsystems are considered to be the most susceptible to failures during thermal vacuum testing.
A comparison of the types of failures attributable to acoustic, thermal vacuum, and thermal cycle environments is shown in Table I1 C81. The effects unique to the vacuum environment include corona and arcing, multipacting (secondary emissions), and potential outgassing problems. Corona discharge is associated with high-voltage subsystems and connectors under vacuum pressure conditions, while multipacting can occur in vacuum cavities found in switches, coaxial cables, and connectors C91. The instability of nonmetallic materials, particularly adhesives, in a vacuum environment can cause outgassing, contamination and deposition, weight loss, and mechanical property changes. Additional effects identified with the vacuum environment include lubrication changes (i.e., galling), differential pressure displacements which can cause delamination of printed circuit boards, and changes in conduction paths [lo] .
Electrical and electronic components with many piece-parts or integrated circuit boards smaller than 400 cm2 are considered t o be particularly sensitive to the thermal vacuum environment because thermally-induced expansion and contraction of piece-parts is a common cause of failure C111. Certain failures may only be evident at temperature extremes when physical displacement resulting from different thermal coefficients of expansion is at a maximum. Vacuum-induced expansions and differential pressure displacements can cause failures in piece-parts that would not be revealed by thermal cycling tests alone [lo] . able to stress mountings, cabling, interface connectors, tie-downs, and other interconnectivity hardware. Problems with faulty thermal joints and other manufacturing defects are revealed when thermal conduction paths are changed. Also, since the system thermal vacuum test is the main verification test of the thermal control system, problems with heaters, insulations, and thermostats are detected by the test C121.
A Lockheed Missiles and Space Company (LMSC) study C131 based on 49 spacecraft found that the majority of thermal vacuum failures were associated with defects in parts (51 percent), workmanship (21 percent), design (15 percent), and process/ control (13 percent). Out of a total of 462 systems acceptance test failures. 126 (27 percent) were detected during the thermal vacuum testing. The Aerospace Corporation compiled an extensive database on the types of defects that caused failures during systems acceptance testing 1141. A In addition, the thermal vacuum environment is summary of the data for four programs ( B . C, D , and F ) with a total of 39 spacecraft is shown in Table 111 . The data indicates that the thermal vacuum test was particularly effective in detecting defects in parts, wiring, contamination, arcing/corona, pressure leakage, workmanship, and defective components, which were not exposed by the other systems acceptance tests. Out of the total of 76 thermal vacuum failures, the largest number of defects were for defective components (16 percent), incorrect/broken/shorted wiring (11 percent), corona arcing (6.9 percent) and contamination (6.9 percent). The systems thermal vacuum test is especially important for testing the first of a series of spacecraft because electrical and mechanical design integration defects, such as cabling errors and mechanical interferences, typically occur. This is the first time that the entire integrated system, including harnesses, mounting brackets, and thermal control equipment, are exposed to the thermal vacuum environment as an entire spacecraft.
Test Effectiveness
A summary of the test effectiveness of systems thermal vacuum acceptance testing in screening defects for a number of multi-spacecraft programs is shown in Table IV . The data shows a great deal of scatter, with the percentage of thermal vacuum failures ranging from 3.3 to 87 percent o f all the failures detected during systems acceptance testing. The average number of failures also varies widely from program to program, ranging from 0.4 to 5.8 failures per satellite for thermal vacuum tests.
An early LMSC study on the effectiveness of spacecraft acceptance testing found that the most perceptive tests were the first-turn-on tests of electrical and mechanical equipment and the thermal vacuum test C161. Based on a data set of 38 spacecraft, 99 of 307 verified failures (32 percent) were detected and corrected during thermal vacuum testing. This corresponded t o an average thermal vacuum test failure rate of 2.6 failures per spacecraft. LMSC's 40 percent r e d u c t i o n i n t h e number o f system t e s t f a i l u r e s was a t t r i b u t e d t o a number o f f a c t o r s , i n c l u d i n g improvements i n i n s p e c t i o n , l o w -l e v e l t e s t i n g , p a r t s s c r e e n i n g , and m a n u f a c t u r i n g processes. 
l a t and h e a v i l y b r a c e d t o w i t h s t a n d a t o t a l l o a d o f 250 l b / f t 2 (200 t o n s ) . The chamber i s equipped w i t h a 20-ton r e m o t e l y -c o n t r o l l e d p o l a r c r a n e . I t a l s o p r o v i d e s for a t e s t a r t i c l e envelope of 90 f t -d i a m e t e r by 1 0 0 -f t -h e i g h t [211. O t h e r cham

The d i s a s s e m b l y a r e a i s a l s o l o c a t e d a d j a c e n t t o t h e t e s t chamber, o p p o s i t e t o t h e assembly a r e a and i t s s i z e i s 7 0 c w i d t h ) b y 1 5 0 ( l e n g t h ) by 7 6 ( h e i g h t ) -f t . I t c o n t a i n s a r e m o t e l y -c o n t r o l l e d overhead b r i d g e c r a n e and can be used f o r disassemb l y and p a c k a g i n g -f o r -s h i p m e n t o f t h e t e s t a r t ic l e . T h i s a r e a ' s i n t e r n a l s u r f a c e i s epoxy-coated, w i t h e x t e n s i v e v e n t i l a t i o n and c o n t a m i n a t i o n c o n t r o l .
s s u r e t h a t t h e PV Module and t e s t equipment does n o t degrade s y s t e m -l e v e l performance. The SPF chamber t e m p e r a t u r e w i l l be c o n t r o l l e d so t h a t d u ri n g t h e h o t or c o l d t e m p e r a t u r e extremes, a t l e a s t one ORU on t h e I E A w i l l be a t i t s p r o t o f l i g h t d e s i g n t e m p e r a t u r e [241. The e x a c t p r o t o f l i g h t t e m p e r a t u r e l e v e l s a r e s t i l l s u b j e c t t o d i s c u s s i o n , b u t c o u l d be as much as 1 1 "C g r e a t e r ( l e s s ) t h a n t h e maximum (minimum) p r e d i c t e d o n -o r b i t temperat u r e extremes [191. The t e m p e r a t u r e s f o r c r i t i c a l components w i l l be r e c o r d e d i n r e a l -t i m e t o p r e v e n t o v e r t e s t i n g . D u r i n g t h e t h e r m a l vacuum c y c l e s ,
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